
".,.)-

TableC-4

Dowaliak I.terfereaee lato • SfACEWAY Earth Station Receiver
From an IRIDIUM Satellite

P.... Detailed Consideration Conttibution to CII Ratio

Spaceway Sat. Powe' PI ' dBW 12.S + 12.5

Max. Iriduim Sat. Power Po, dBW -3.2 + 3.2

Spaceway Sat. Antenna Gain. dBi 46.S +46.5

Iridium Sat. Antenna Gain, dBi 26.9 - 26.9

Bandwidth ofSpaceway Sip, MHz 120

Channel Sep. of Iridium Signals, MHz 7.22

Bandwidth Factor. dB 12.21 - 12.2

Free-Space Loss, SPACEWAY 210.2 - 210.2

Free-Space Loss. IRIDIUM 182.2 + 182.2

Worst-e- CII, dB - 4.9

Maminbelow 'd 3.9 dB. dB 8.8
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Annex D

Separatioa ....1ICes or Earth StatiODS
To Obtain Adequate Isolation Benveen Networks

Throap Eartll Stadoa Divenity

D.1 Introduetioa

In this annex the~ Sf:I*'Ition distmces betMen Earth stations of the IRID;IUM feeder-link
system are detemUned. such that use ofthe appIoprilie Earth swion would provide enouah isolation
between the IRIDIUM and SPACEWAY systems that there would be no hann1iJ1 interference
between them. This is determined for the foliowiDa two scenarios:

i) when the IRIDnJM system implements its APe system to the full extent to counteract
interference from the SPACEWAY system.and

ii) when the IR.IDnJM system holds its automatic power control (APe) system in reserve to
be used only to counteract atmospheric and rain attenuation.

0.2 ADalysis Approach

The staning point of the analysis in this annex is the carrier-to-interfezence (C I I ) equations in
Annex C. These equations are generalized to be valid for offset anlles ofall antennas involved in
the process. The resulting equations can be used to detemine the necessary angles offberesite ofany
of the antennas involved to achieve any specified C II level of either the IRIDIUM or the
SPACEWAY system. At that point concentration is placed on the necessary off-boresite angle of the
IRIDIUM Earth statioD. because it is the .... diNctive anteIlJUl ofeither neIWOI'k in the process.
Using the known antenna-discrimination cbancteristics of the IRJDIUM Eanh-station antennas. the
necessary off-boresite lIlIIes eare detemined to protect the IRIDIUM system, and th protect the
SPACEWAY system, for each ofthe three scenarios outlined in the introduction ofthis annex.

The orbital characteristics of the IRIDIUM and SPACEWAY systems are then used to tranSlate
these required -.,Ie ..,.-ations into required distance separations on the ground between the two
IRIDIUM &rth stations used in the mitigation process. These results are then generalized to suggest
the necessary sep8l'8tion of Earth stations in an IRIDIUM Earth-station complex to allow the
mitigation process to be used by IRIDIUM to avoid interference with a number of geostationary
(GSa) fixed satellite networks.
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D.3 Gellena" .... of tIN IlIterfereaee [qua.... of Aeees C

D.3.1 S_pIIfttd Eq.......s, Not T.".ato Aeeo.et Allte••• DisenlDi••tioa

The interference equations of Annex C in an uplink-interference situation are:

C =Po -.A.cA - A FS + GOES + Gsc· ········ · ····.·····.· ·.. ··.· ..· (C.l).

I = PI - ~A - A FS + GlES + Gsc······ .. ·.. ··· .... ··.. ·.··.···············.·········................ (C.2),
and

ell = (Po - PI) • (GOES - G IES ) + Few ·.· ··· ..· ·.. · ·· ·.... (C.3),

where C
Po
~A
A FS

GDES

Gsc
I
PI
GIES
Faw

is the desired carrier level at the interfered-with satellite.
is the Xmcr power level of tile desired carrier.
is the clear-air attenuation level in the transmission path.
is the free-space loss in the transmission path to the interfered-with satellite,
is the earth-station gain of the desired sip!,
is the satellite-antenna gain of the interfered-with satellite,
is tile imerferina carrier level at the iDtetfered-with satellite.

is the Xmtr power level of the interfering carrier,
is the earth-station gain of the interferiaa sip!, and
is a factor to account for the different bandwidths of the desired and interfering
camers.

The interference equations in an downlink-interference situation are similar but slightly more
complex. They are:

C =: Po - ~A - A 015 + Gosc + GOES (C.4),

I = PI - ~A - A I.FS + G,sc + GDES ·.......... (C.5),
and

C/I- (Po - P,) + (Gose - G,sc) + Faw - (A O.FS - A1.FS ) (C.6).

where most of the terms represent the same quantities as in the uplink equations, except that

AD,R is the free-space-Ioss of the desired downlink signal. and
A '.FS is the free-space-Ioss of the interfering downlink signal.

These last two tenns were identical in the uplink situation. but are very different in the downlink
situation.
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0.3.2 ~eraUzedE~, T.kiD. late ACCOUDt ADt••• Selectivity

These interference eq-.ions are generalized to take into account possible offset of any of the
anteMas involved. In the uplink direction the carrier and interference levels are:

c = Po - ACA - A FS + GOES( eo) + Gsd <Po) (O.l),

I = PI - AcA - A FS + GlES( el.u ) + Gsc( <PI.U ) (0.1).
and

{Gsd cPo) - GsC< cPr.u)} + Few (D.3),

where most ofthe tenns are as defined above, with the following additional definitions for the angles
involved:

e0 is the angle of the desired satellite off boresite of the antenna of the desired Earth
staQOIl.,

61•u is the qle of the desired satellite off boreSite of the antcnDa of the interfering Emth
station,

cP 0 is the male of the desired Earth station off boresite of the antenna of the desired 
si.... satellite, and

cP1,u is the angle of the interfering Earth station off boresite of the antenna of the desired 
signal satellite.

As in Annex C. it is noted that in Eq'n (D.3) the terms AcA and A FS are not present, since they are
assumed to be similar if not common to the paths of the desired and the interfering carrier. The
desired and interfering eanh stations are assumed to be at similar locations. relative to the distances
of either of the two satellites.

Another point to note is that the interference is determined in clear-air propagation conditions; no
account is taken of I'Iin ........no~ in these calcuillions. This is because a rain event and an
interference event are ach indepeDdently events with low probability; the joint probability of the
two -1II.o'.At eveIl1S, eIICh with low proa-bility, is eX1relDely low and so is ipored. It can be
introduced later if required; to do so it is necessary to know the rain-attenuation statistics at the
IRIDIUM e.dl station sites, tUina into account the multiple terminals ofthe IRIDruM eanh-station
complex.

The generalized interference equations in the downlink direction are similar but slightly more
complex. They are:

c =Po - AcA - Ao.FS + GOSC<~o) + GD£S(6 o) (0.4),
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I = P, - AcA - AI.FS + Grsc<<t>J.o,) + GoEs(6 1.0)······················.···......···.···· .. ······ (0.5).
and

+ { GoES(6 D) - GoEs(6 W)} (0.6).

where 61.D is the angle of the interfering satellite off boresite of the antenna of the desired Eanh
station, and

~ is the ....ft1e of the interfered-with Earth station off boresite of the antenna of the'+' l.D -aa-
interfering satellite.

D.4 A.telllla Characteristics

Equations 0.3 and 0.6 are general enouah to consider interference mitip.tion techniques using the
selectivity of anyone of the four antennas affecting the interference process. These are the Earth
station and the space station antennas of both the IRIDIUM and the SPACEWAY systems. The
beamwidths of these antennas, taken from Reference 1, are as indicated in the following table:

Table D. 1

Seledtvity (&ea- WiddI) of tile Vanoas AatH'"
I..... ill die 'ea."" .......nace Procen

Betweell tile IRIDIUM alld tile SPACEWAY Systems

Antenna Beam Size In the Uplink Beam Size in the Downlink

IRIDIUM Satellite 5.0 0 7.40

IRIDIUM E.m Stltion 0.24° 0.360

SPACEWAY Satellite 1.0 0 1.1°

SPACEWAY Sri Station 1.1 ° 1.6 0

Of the four ....-. the most selective one is obviously the IRIDIUM Earth station antenna. That
is probably so because the IRIDIUM feeder-link system uses relatively few Earth stations. (Five
IR.IDIUM Oareway &rth stations are planned in CONUS, for example, compared to the thousands
of user Earth stations in the SPACEWAY system.) In any case, the 0.24° beamwidth in the uplink
and 0.360 beamwidth in the downlink of that antenna offers the greatest potential for isolation of
the two networks through antenna discrimination. The remainder of this annex pursues that
possibility to the extent possible. limited only by whether or not the selectivity of the IRIDIUM Eanh
station antenna contributes to the interference process.
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The main beam of the IRlDIUM feeder-link anteMa can be modelled by the relations

and

= Grnax - K <P 1

= 32 - 25 Log ( <P )

. for 0 $ <P s <Pm .......•................•.... (0.7a).

, for <Pm S <P S <Pr (D.7b),

, for <Pr S • $ 48° (0.7c).

based on the antenna pattern in Annex II of Appendix 28 of the Radio regulations. The first sidelobe
gain GI is detennined by the relation

G1 = 2 + IS Log (0 /).) (0.7d).

The angles <Pm and <Pr are specified by the relations

<Pm = 20 (0 / ).).1 { Grnax - G, } 0$ (D.7e),

and <Pr = 15.85 (0/ ).) -06 (D.7f).

The anteMa's equivalent (0/),) in the above relations can be estimated from its maximum gain by
the relation

20 Log (0 / ).) = GlII&ll - 7.7 dB (0.8).

The IRIDIUM Earth SbIIion antenna has a boresite gain of 56.3 dBi in the uplink and 53.2 dBi in the
downlink. From Eq'n (0.8) those Earth stations have a (0 /).) of 270 in the uplink and 188 in the
downlink. This and the other antenna pattern parameters are given in Table 0.2 for both uplink and
downlink.
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Table D. 2
IRIDIUM E.rdI Stadea A..... Curaeteriltia

Parameter Uplink Value Downlink Value

G_ 56.3 dBi 53.2 dBi

CIA. 270 188

G, 38.S dBi 36.1 dBi

.'" 0.313 0 0.4400

t. 0.55° 0.680

These values are used ill Equations (D.'*) above to determine the required value 4>s to achieve
isolation of the two networks through IRIDIUM Earth station antellDa diversity.

It is noted that FCC RelUlation 25.209 indicaces an off-boresite antenna-gain 3 dB below that of
Equation (D.7c) for otJ'-boresite llllies between 1° ancl9.2°. However, the tighter constraints apply
only to angles in the diNctiOllOfthe GSa. Since the IRlDRlM Eartb.-stIlion aatemDa would have to
operate in any combination of azimuth and elevation angle. it is concluded that the tighter
consttaints in the FCC's 25.209 do Dot apply, and so Equation (D.7c) is used for all angles 4> in the
range cPr s: cP s: 48°.

DoS IlOlatiea 01 tile Two Detworks Df'OIIIIa IRJDIVM Earth Statio. Divenit)'

D.5.1 lsolatie. W1MB IRIDIUM Also V..APe u •• Iaterfetftee-Mitiptloa TelHRque

Annex C discusses the possible use of transmitter power in reserve in both the Earth-station and
SJ*e-station tI......oftile IRIDRJM system to overcome or at least to minimize to the extent
possible the0._..hID SPACEWAY 1:J'IIDIIDissions duriDI an interference event In doing so,
the IRIDIUM .,- ceuld overcome upliDk harmful iDterfereuc:e into its satellite receiver, and
almost overcome the t.mful downlink interference into its Earth station receivers. However, in the
process it wouJd cause significantly hannful interference into both space station and Earth station
receivers of the SPACEWAY system. The question answered here is

In the event thlll the IRIDIUMsystem used its APe system to the extent possible to overcome
Itamrfid~"" into its own network. what angle separation awayfro", the SPACEWA r
sDlellit. Hi", in its Emth-stQtion Qnten1'lQ boresit' would be nec,ssary to avoid harmful
interftnnce in both networlcs ?
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Interference events into the IRIDIUM _llite receiver will only occur when the SPACEWAY Earth
stations. the IRIDIUM saMllite. and the SPACEWAY_elJite are in an approximately straight line.
It is asswned here that the minimwn operational elevation anale for the SPACEWAY system is 300

,

so that elevation angle is included in estimating the IRIDIUM noise and interference budget.

As indicated in Table B-1, the IRIDIUM Earth-station power level to provide a C:'N of 10.7 dB at
30° elevation anile is -18.7 dBW. The maximum power level is + 12 dBW, so there is a 30.7 dB
margin for interRienCe mitiption at a 30° elevation anale under clear-sky conditions. Using the
simpler Equation C.3 to detennine the uplink CII in the IRIDIUM system without antenna
discrimination of any kind. the worst-case CII is -14.3 dB. (See Table C-l of Annex C.) If it is
assumed that the OJ*UDr of the IRIDIUM syscem would use the available APC to bring the uplink
C/{N+I) back to + 10.7 dB. the Earth station power would be increased by 25 dB.

An increase in IRIDIUM Earth-station output power by 2S dB would lower the CII at the
SPACEWAY satellite &om +14.2 dB (before IRIDRJM APe W8S applied) to -10.8 dB after 25 dB
of APC is applied . In this situation the above general question becomes

W1Iat is the MUSIfII"y off-boresite angle o/rIte IRIDIUM Earth-stalion to raise tlte CII in the
SPACEWAr stllellitefrom -10.8 dB to + 6.9 dB, the mini","", lewl ofCI(N+/) to continue
operation _ing the short interference event ?

That question can be answered by setting 8 D, 81,u' and ~ 0 aU equal to zero in Equation (D.3) and
solving for the necessary ~I.U to provide a 17.7 dB reduction in interference. Based on Table 0.2
above. that is almost exactly the 17.8 dB ( G_ - G 1 ) difference of the IRIDIUM Earth-station
antenna. In this case the necessary separation angle 4>5 is equal to the Earth-swion-antenna's angle
41111 , ie. 0.313 0

• It may be noted that an actual Earth-station antenna gain drops significantly below
the G) level at angles sJiIbdy peater tIwt 4»m. and then rises &pin to the G, level at the peak of the
fim sidelobe, so a separation anaIe of 4>m or perhaps slightly larger is considered adequate.

n •• cc. ",. I••,onl')' _ of 2S dB 0'.30.7 dB APe bud" iD tile IRIDIUM
EardlIt 18IMVM Ea doa·_t.... sepantiH••of 0.3130 frHa tile
cIirfttIR ofdie SPACEWAY .telHte, w eUaillate aplilk iaterfere.~ebetweea tile two
.etworkL

D.S.l.2 Dow.Hllt I.terfereacc

In this section the n.ece.-ry sepll'8tion anaIe 4»5 is determined to avoid hannful interference into
both the IRIDIUM and SPACEWAY netWorks. As in the previous section. a 30° minimum
elevation angle of both satellites during the interference events is assumed, based on the planned
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location of SPACEWAY Earth terminals.

Without the use of APe to increase the the output power of the IRIDIUM spacecraft transmitter
during an interference event, the worst-case C/I in the IRIDIUM system during that event would be
-9.6 dB. (See Table C-3 of Annex C.) In such a scenario the worst-case C/I in a SPACEWAY Earth
station would be + 10.2 dB, well above the minimum downlink C/(N-I) of 3.9 dB under worst-case
conditions.

If IRIDIUM used their reserve APe satellite power to the maximum available, 15. 1dB at a worst
case 30° elevation qle, the IRIDIUM do\Wlink C/(N+I) would be +5.5 dB. and as a result the
SPACEWAY C/(N+O would be reduced to - 4.9 dB, the value shown in Table C- 4.

If IRIDIUM Earth station antenna discrimination were used to raise the IRIDIUM C/(N+I) to the
clear-air working level of 10.7 dB, 5.2 dB isolation would be required from the Earth-station
antenna. Equation (0.7a) with (D If..) equal to 188 indicates the required <t>s in this case; it is 0.243°.

If IRIDIUM Earth.-on antenna discrimiMtion were used to l'IiJe the SPACEWAY C/(N+O from
its - 4.9 dB when full DUDIUM satellite A:PC was applied to a minilbunl worklble level of+ 3.9 dB,
an antenna isolation ofat least 8.8 dB would be required. Apin usilll Equation (0.7a) with (0 If..)
equal to 188, the required angular separation 4>s would be 0.316°, sli_ly larger than that required
to restore the perfonnance of the IRlOIUM do\Wlink to its clear-air operational level.

D.S.l.3 S....ry oflltlDlUM Em1II-5t11doD AateDDa Aaplar SepantioD Required
Wltea ,.U APe Is Used ia tile IRIDIUM System

11lree antenna angular separations have been detennined. each one to correct a specific shon-tenn
interference problem. These are:

*

*

•

0.313 0 separation required to correct uplink interference in the SPACEWAY system;

0.316° separation required to comet downlink interference in the SPACEWAY system; and

0.243° sep8l3tion required to correct do\Wlink interference in the IRlDIUM system.

The~ anpIar separation to correct all three problems would ofcourse be the largest of the
three, 0.316°.

D.S.2 IsoiattoD WIle. IRIDIUM Does Not Use APC as a. IDterfereace-Mitipttoa TcbDique

In the scenario exllllined here APe of the IRlDIUM system is NOT used as an interference
mitigation technique. It may be noted from AJmex C that without the use ofAPe as an interference-
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mitigation technique. interference does not reach harmfuJ levels in the SPACEWAY system; it only
reaches such levels in the IRIDIUM system. If this interference is to be avoided. it has to be done
so throuIh tbe use .... in the IRIDIUM system that do not point towards the imcrference.
Specifically. harmful interference in the IRIDnJM system can be reduced to acceptable levels in the
following two ways:

•

•

in the uplink. through use of spacecraft antenna isolation. and complementary use of an
alternate Earth station antenna at the boresite of the space station antenna after it has been
re-pointed to avoid the interference from SPACEWAY Earth stations; and

in the downlink, duo.. the the use ofaltematc lRIDRJM Earth station antennas at nearby
locations to avoid an interference from the SPACEWAY space station. in the same way that
interference is avoided in conjunction with use ofAPC in the IRIDIUM system.

D.5.2.1 UpHak I...rfernce

As indicated in Table C-l of AnDex C. the upliDk CII ratio may be as low as - 14.3 dB in the
IRIDIUM systaI1 whIG APe is not \UCd in that syItem. To raise the C/(N+O to the minimum +7.7
dB ciurina clear..~ionconditions. when the cleu-air CIN is 10.7 dB, the ratio CII would
also have to be iDCNMed from - 14.3 dB to +10.7 dB. an increase of2S dB.

Without an increase in uplink power in the IRIDIUM system. the only isolation possible from the
SPACEWAY sysfEl wuukl be tbrouP ue=,. ........ _lIUDruM tpeceeI"IIft, ••t ia the
IRIDIUM Earth ltadoa. It is noted that the IRIDIUM SIleUite antenna pin is only 30.1 dBi at
boresite. so the anplar sepll'ation from transmitting SPACEWAYEarth terminals at the edge of the
service area ofa SPACEWAYservice area. perhIpI fairly remote from the IRIDIUM Earth station
itself. would have to be such that the gain of the IRIDlUM spacecraft antenna in the direction of
those transmitting antennas would be only about 5 dBL

The sidelobe characteristics of the IRIDIUM sp8CeCr'8ft anteMa are as described by Annex III of
Appendix 29 of. RIdio RepIIaions, which Me the SIDle as described in Equations (0.7*) above,
except that the sidelobe gain for antennas with (D /A) less than 100 is

G (t> - S2 - 10 Log (0 IA) • 2S Log ( ~) , for ~r ~ ~ ~ 48° (0.9a).

The IRIDIUM satellite antenna's boresite gain is 30.1dBi, which according to Equation (0.8)
indicates a (D IA) of 13.2. Thus Equation (0.9a) becomes

G (t) = 40.8 - 2S Log ( ~) • for ~r ~ ~ ~ 48° (0.9b).

a-t on this eqUlliOll, tile requiJed sepBndon aaP: to achieve an antenna pin ofonly S dBi would
be 27°. Note that this is 27° from any concentration ofSPACEWAY Earth stations. which may be
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considably fUrther ... 27° IftIUl-lIpIU'ation &om the UUDIUM E8th station itself. To specify
the scpII'Ition diMlce on the growtd it would be necesa.y to take into account the location of the
SPACEWAY spacecraft antenna beams with respect to the possible future locations of IRIDIUM
Eanh stations. a complex and error-prone process.

D.5.2.2

In the downlink as well. there is harmful iJarfIIence in the IRIDIUM system but not the
SPACEWAY system. This will occur if the IIJDIUM Earth-station IDtenDa that is tracking the
IRlDIDM satellite fiDds the SPACEWAy ...lite in its bonlsite, and ifAPe in the IRIDIUM system
is not used as an interfeience-mitiption meuure. Specifically, the worst-case downlink interference
in the IRIDIUM system \\Quld be -9.6 dB, and in the SPACEWAY system the interference would
be + 10.2 dB.

To l'IiIe the downlink CII in the IRlDRJM system to +10.7 dB, for the __ reason as that discussed
in Section 0.5.2.1 above, an Eanh-station-lI1tenna discrimination of 20.3 dB would be required.
Based on the information in Table 0.2 above, the E81'th-station-antenna ddcrimination angle would
have to be such that the __ wu operatiDa in the sidelobe 32 - 2S Log(~) portion of its
perfonnance. An antenna discrimination D( t )specified by the equation

D( ~) ~ G_ - G (~) :II: G_ - 32 + 25 Log(~) (0.10)

would be required, with G_ oqu1 to 53.2 dBi. To achieve a discrimination D( ~ ) of 20.3 dB. tbe
required .......r separMiH would be 0.92°.

D.5.1.3 58•••ry of IRIDIUM AMeuI A r Sepantiea Required
WM N. VIe Is MMe 01APe .. die IRIDIUM S,.. to Com"'. laterfenDce

In the upliDk, the prime --...m.. to be IIUDIUM spKe station anteDnl discrimination when
IRIDIUM Earth station APe is not used. To achieve the required discrimination, co-channel
SPACEWAY Ea........... "ave to be 2,. freII the bensite of die IRIDIUM satelUte's
..t....

In the down1~ IRIDIUM Earth SUltion antenna discrimination is api.n the fundamental process
for achieving isolation between the two networks. In this case an antenna separation angle of 0.92
o is sufficient to achieve the required isolation.

Robert Bowen Associates Ltd.



43

D.6 DlltIS• ., MIl.... IItJDIUM EardI SladeDS To Aca.iev, die R•••ired Earth
S.... er SpIn 5tatieII AallBlar SeINIntioD

0.6.1 Distaaces Required When Earth Stlidela AlIt••• DiscrimiDation is the laterfenace
Mid.adoD Measure Applied

An imponant parameter in the determination of the~ distlDCe between prime and alternate
Earth station to achieve the necessary isolation between the two networks is the altitude of the
IRIDIUM system: 780 lcm. At the very smalllDlles involved in four of the five cases considered.
ie. 0.243°, 0.313°, 0.316°, .xi 0.92°, the .... are small enouah that one can make the
approximation that the anale (in radians), its Sine, and its Tanpm, an: all appI'Oximalely equal.

In the simplest cae, in which the DUDIUM satellite is directly above the two Earth stations, the
necessary distance between them such that they view that satellite with q1es differing by a small
qIe 4> is (7804» kin, when. is expressed in ndims.. For the angles 0.243°,0.313°,0.316°, and
0.92° the required !el*ations between the Earth stations are 3.3 km, 4.3 km, 4.3 km, and 12.5 km
respectively.

In the more realistic case, when me satellites have an elevation qIe 8 , this distance (710.) km
increases for two reuoDS. The first rason is that the dilt81lCe to the lRJDIUM satellite increues
&om the minimum 780 km to the distance 780 I Sin(8). For the 30° minimum qle considered here,
because the stated minimum elevation qle ofthe GSO Slltellite in the SPACEWAY system is 30°,
the distance to the IRIDIUM satellite increases to 1560 km. Thus the minimum distances between
the two Earth stations that are providing Earrh-sradon diversity for one another increases to 6.6 km,
8.S km, 8.6 km, and 25.0 km respectively for the four required angle separations 0.243°,0.313°,
0.316°, and 0.92°.

There is another increIIe ill1hIIe requiIecl dill...""0115that may be necessary. Determination
of the distaDces 6.6~ I.S kID, 8.6 Ian, and 25.0 kill assumed implicitely that the line joining an
Earth station and the IIUDIUM satellite was perpendicular to the line joining the two Eanh stations.
That is ofcourse poIIibIe .... ideal COIIditioM,..would result in the required dist8nces 6.6 kin,
8.5 Ian, 8.6 Ian, IIlId 2S.0 IaIa. HoMver, iftbe naave IftIles between the two Eri _ons and the
IRIDRJM !1111ite 9IIIe 1he wont possible radaer tba1 the best possible, the two Earth stations and
the IRIDIUM ...lite would be in a vertical plane. In that case, the required distances would
incraIe by a n.tt. factor (I I Sin(8) }or 2 in the case where ewas 30° .The distances would then
increase fortherto 13.2 kill, 17.0 km, 17.2 km, and 50 km.

These last distances are overly pessimistic for situltions in which the interference events occur when
the satellites are at an elevation angle of 30°, because the interference events occur at known
locations of the satellites, detennined by the location of the Earth stations and the GSO location of
the SPACEWAY satellite. If interference with SPACEWAY satellites at 99°W and at 101 oW were
the only GSo-LEO interference events ofconcern in the design of the IRIDIUM system, the Earth
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stations coWd be rll$] Ii ideIlIy to combat that potenbal problem, and the distances 6.6 km, 8.5 kIn,
1.6 km," 25.0 lea would IpPly. However, iftbe IRIDIUM Earth stations Md to be located in such
a way_."u:ewidl.~ Dumber ofOSO satellites hIdto be avoided, then perhaps
the two IRIDIUM Ed__ should be located alOlll an east-west line, and distances less than
the set {13.2 Ian, 17.0 km, 17.2 km, and SO km } but greater than the set { 6.6 kIn. 8.5 kIn. 8.6 kIn.
and 25.0 km } would apply.

The actual CUlMlt situI80n involviaa IRIDIUM Earth station complexes is that each complex will
include thJw Ea1Il ...... with one peripberal Earth station located 34 nautical miles or about 63
km in an "x" diNctiaB.. 15 miles or Ibout 21 kin ill a perpendicular "y" direction from the central
Earth station, and a second periphcra1 Earth station located 63 km in the opposite "x It direction and
27 km in the same "y" direction. These distances are preswnably chosen to combat rain attenuation
wi.- ..DUDIUM ..m. is allow ckatiOll ..... These distIDCCS between the Earth stations.
61 laD betwMD ipIMnl.uoas88d the CCDU'Il scation, ad 126lan between the two
peri..... --.., _ i&.dy ..,... u u. the NlI(Uind distances disaIsIed above. n. it caD
be COIIchIcIed diet dill EardHtadoD dlvenky ...... call be _pIoyed widIout ay ftn1her
iDereues iD E.rtII statioD separadoD beyoDd th.t cltose. for _kiptioD of raiD atteDuadoD.

D.'.1 WINa Space StatiOll ADtea.. DtIc doa is tile IDterfereace-
MidIIadoa~n Applied

IRIDIUM Sltellire discrimination is the mitiption technique availble to combat uplink
interference fiom SPACEWAY Earth .nons into IJUDlUM satellite receivers when IRIDIUM
uplink APe is not u.d. As iDdic.ted Uove in Stction 0.5.2.1, this technique requires that the
boNaite of the IRIDIUM ..m....... be such that the interfcrin& SPACEWAY Earth stations
be 27° off the boresite of the IRlDUIUM sarellite IDteIJDa, When the elevation anBle between the
prime IRIDIUM s.tb.-ioa_ the two _Dita is 30°, this 27° qle offboresite rules out any
possible IRlDIUM Earth .__ 10Clli0n in OIIC direction. In the opposite direction a separation
between Eri ....wouid have to be at 1eut ... _. and probably more to take into account
the spread ofSPACEWAY OWI'the SPACEWAY service area. n.e dist.DctS are
Dot reaJiIdc, .....1 01 k i8terfeneft i.to tile IRIDIUM .utelUte receiver
.........._ .,..8M." ••1 ••• - "'ad bs:doII mdtollt the co_plelDeDtary lise
of IRIDItJM......... APe ..... viable teeltaique.

D.6.3 811 w-. die Satellites ad tile PriID.iry IRIDIUM Eartlt Statio. are
DOt IDdIy ia • SfraiIIIt LiDe

The analysis in the "ve IICtioDs lIII1IIDed implicitely that the path of the LEO satellite was the
worst possible in tenDs of the LEO IRIDIUM Earth station causiDa or beiDa subjcct to interference
from the OSO SPACEWAY satellite. That worst-case arrangement is when the LEO satellite

Raben Bowen Associates Ltd.
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t~~ the line between the LEO Earth station and the GSO satellite. If there are only
two LEO Earth ~OIII involved in the Earth-Slalion-diversity activity to minpte potentially
hann1W interfeumce... is a possible alJipJmeat ofthe primary Eanh st8ion at the two satellites
that requires 111 even bqcr sepntion berween the two Earth stations to avoid bInnfuJ interference:
that is an allipnnent in which the LEO satellite travels a path slightly different from that "in-line"
path, such that when the LEO Eanh station tracks the LEO satellite the OSO sarellite is in the edges
of the main beam oftbe Earth-station's antenna. and some isolation is provided by the antenna of
the primary Earth-stItioafs antenna, but DOt eftOUIh to avoid lwmfW iDterferen<:e to one or both
networks. Iftbat J*h is such.. puts the GSO -mte clOle1' to the bornite oftbe second satellite
than the "in-line" .-m. a ia'pr separation between the Earth stations on the ground would be
necessary to avoid barmfuJ interfereftce entirely.

To 5U111DWize, if tMre \1Wft ODIy two LEO Ea1b~ iDvolved. aid iftbey were to be placed at
poims fir enouP ..-r to be able to correct ftJr bMftfid iaterfennee caused by any possible PIth of
the LEO satelUtes, the cfitlance would have to be twice that determiIIed in Sections 0.6.1 and 0.6.2
above.

This concern applies, however, only to the situation in which there are only two LEO Earth stIIions
in the LEO Earth-station complex. Ifthere are dine such Earth alions, as there are in an DUDIUM
Earth-station complex, the situation is improved to the extent that the above doubJ.in& of Earth
station distances is not necessary. The reasoninl on which this conclusion is drawn is as follows:

If the path oCthe LEO satellite is "between" the cen1I'ai IJl[J)IUM Earth station and one of
the two peripheral Earth stations. and thole two Earth stations are piKed with seperations
described in Sections 0.6.1 and 0.6.2 above, neither of those two Earth stations may be
able to become dle 8Ctive LEO EItth station without hIrrnful interference occuriftl to one
or both of the two netWorks. However, in such a situation the third Earth station is even
further away flam tbe GSO lI8teIlite, ...... in tenns ofthe anP between the bornite of
that Earth --"5 ....and the direction ofme OSOMsatellite, if it is tr8CkinI the LEO
satellite. 1buI its lIIility to avoid a bmnfuI interference situation is even better than if the
LEO satellite's. was "in line" with the central Earth station.

The conclusion drawn ftam this col'lSi_1Idon ofdiift"etent tlipt paths of the IRIDIUM satellite in
a possible"'~1IiDa situllion is dIIt when thJere ere three LEO Earth stations involved in
roughly a Ib'IiIbt u., • there are in the design of an IRIDnJM Earth-station complex, the worst
possible ftiPt-plllb of dae LEO satellite from the perspective of havinl to place the LEO Earth
station anteDIUIS ..eIIOUIb Ip8l't to avoid hIrmtW interfelence into one or the other netWork is the
flight path in which the satellite is temporarily "in line" between the central Earth station and the
OSO satellite. That is the situation analyzed in Sections 0.6.1 and 0.6.2 above, and so the
conclusioDs reacbed ill ....sections in tenDS ofthe DICes., spaceq between .Eanh stations apply
to an LEO satellite fliabt paths, not just the "in line" ODe.
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Sharing Study of IRIDIUM and SPACEWAY

Introduction

This paper describes a study of the interference condition between the IRIDIUM and SPACEWAY
systems. Further, the study provides a quantitative assessment of various interference mitigation
techniques.

Analys;s Description

A computer simulation was developed to determine the interference levels into antennas of both
systems as a function of time. The model is purely geometric in that all orbits and the earth are
assumed to be spherical. At each moment in time, the relative positions of.earth stations and
satellites are calculated and the resulting interference level is determined. The full IRIDIUM
constellation of 66 satellites is modeled along with a sing" SPACEWAY satellite. Earth terminals are
assumed to be co-located. When the interfering signal bandwidth is less than the bandwidth of the
victim receiver, enough interfering earth terminals are assumed to be present to match the victim
signal bandwidth. The interference level is compared to the victim receiver noise temperature on a
per Hz basis. Statistics are generated to show the percentage of time that a particular lolNo level is
exceeded. System characteristics are shown in Table 1.

Figure 1 shows the result of the simulation for the SPACEWAY uplink interfering into the IRIDIUM
spacecraft receiver with co-located earth terminals at 34 degrees north latitude. Overlaid on this
figure is the result of a similar analysis performed by CSC. The two independent results show
excellent agreement. Throughout this paper. only this link is considered. Results from the other links
(IRIDIUM uplink into SPACEWAY and both downlink directions) are available and the conclusions
drawn here are applicable to these other links as well.

Mitigation Techniques

As can be seen from Figure 1, the lo/No levels exceed the TG 4/5 recommended values. A number
of mitigation techniques have been suggested to alleviate the interference between these types of
systems. Path diversity, where alternate links are used (when available) to avoid the high level
interference conditions is investigated here. Some definitions are in order. Referring to Figure 2,
"satellite diversity" means that the IRIDIUM earth terminal could uplink to another satellite during the
high interference events if another sateflite is visible. "Site diversity" means that a second IRIDIUM
earth terminal located some distance away from the primary site could be used for the uplink to avoid
the in-line interference events. It should be reiterated that interfering earth terminals are assumed to
be co-located at each site Finally "path diversity" means that the best link among all earth sites and
visible satellites is chosen. Each of these mitigation techniques is discussed below.

A. Satellite Diversity

Figures 3a through 3f show the improvement in lo/No due to satellite diversity as a function of earth
station latitude. For instance, the bottom curve of figure 3a shows the improvement due to satellite



- 2--

diversity at the equator. Not much improvement IS seen because, at the equator. additional IRIDIUM
satellites are visible only a small percentage of the time. As the earth terminal location is moved
north, the same general trend is seen (figures 3b & 3c) until 45 degrees north is reached (figure 3d)
Near this point, at least two sateflites become visible at all times and this diversity technique shows
substantial improvement in interference levels. At 60 degrees north, (figure 3e), satellite diversity
essentially eliminates the interference condition. Figure 3f gives results between 35 and 45 degrees
north at 2 degree increments and shows the "cliff-like" behavior of this technique near 45 degrees
north. So this technique becomes very powerful for earth terminals located above about 45 degrees
north (or below 45 degrees south).

B. Site Diversity

Figures 4a through 4e show the impact of site diversity, also as a function of earth station latitude.
Referring to figure 4a, the top curve shows the interference condition at the equator with no diversity.
The lower curves show the improvement when a second earth terminal added at 1 degree increments
away from the primary site (1 degree is approximatefy 70 miles). The remainder of the curves in this
set show the effects at higher latitudes. The results indicate that this technique provides substantial
improvements in 10iNo at all latitudes.

C. Path Diversity

Figures 5a through 5e show the improvements that can be expected using the path diversity scheme.
At lower latitudes (figure 5a for instance) site diversity dominates since, as was shown eartier, satellite
diversity does not provide much improvement at lower latitudes due to limited occurrences of multiple
visible satellites. At higher latitudes (figures 5d &5e) the combination of site and satellite diversity
eliminates the interference condition even with small separations between diversity earth sites.

Conclusions

Although this analysis is preliminary and continuing, the results indicate that satellite and site diversity
are powerful interference mitigation techniques. This analysis considers only the IRIDIUM and
SPACEWAY systems, however the trends shown are applicable to other systems of these types.

It should be noted that the sophisticated IRIDIUM system already has the capability to implement
these mitigation techniques. Feeder link earth sites have multiple antennas to allow for normal hand
off, so the satellite diversity scheme requires no hardware changes to the earth site design. Similarly,
the spacecraft carries multipfe feeder link antennas atso to allow normal hand-offs. Thus no hardware
changes are needed on the spacecraft to imptement the site diversity technique. Note also that site
diversity is already ptanned for IRIOIUM to combat rain fades. Since path diversity is just a
combination of the other two schemes, no hardware changes are necessary for this technique as wel/.
Only very minor impacts to the IRIOIUM system (Le., configure operational software to implement
diversity) would be required to operate the system using these mitigation techniques.

Thus, without requiring hardware changes to either system, these techniques would allow co
frequency sharing between IRIDIUM feeder links and SPACEWAY.



Table 1 - System Characteristics

Parameter IRIDIUM SPACEWAY
Constellation

Radius 780 km + earth radius GSa radius

Period 100.8 minutes 24 hours

Planes 6 1

Satellites per plane 11 1

Plane spacing 31.6 degrees nla
Satellite spacing 360/11 degrees nla
Minimum elevation angle 5 degrees 10 degrees

Space Station
Power into transmit antenna -12.9dBW 13dBW
Bandwidth 4.375 MHz 120 MHz
Transmit antenna gain 26.9 dB 46.5 dB
Receive antenna gain 30.1 dB 46.5 dB
Recieve noise temperature 1295 K 575 K

Earth Station
Power into transmit antenna -11.8 dBW -4.7 dBW
Bandwidth 4.375 MHz 500 kHz
Antenna aperature 2.8 m (efficiency = 60 %) 66 cm (efficiency = 60 %)
Sidelobe characteristics RR Appendix 29 Annex 3 RR Appendix 29 Annex 3
Recieve noise temperature 731 K 175 K
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Figure 1 - SPACEWAY into IRIDIUM Uplink
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Figure 3a - SPACEWAY into IRIDIUM Uplink Using Satellite Diversity
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Figure 3b - SPACEWAY into IRIDIUM Uplink Using Satellite Diversity

20

10

-a2
't:J-o 0

~

-10

-20

ES latitudes: 15
GEO Satellites: 1

Time Step: 2 s
lEO Orbits: 100 (7 days)
Time Points: 3.024e+005

-30 '---'--'-'-...........~--'--....-<-I- ..........."'-----'-......................~--'--.... ......................~--'-"""--'- .................u...----'--....~~

10~ 10-3 10.2 10.1 10° 10' 102

Percent of Time lolNo is Exceeded



Figure 3c - SPACEWAY into IRIDIUM Uplink Using Satellite Diversity
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